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Resonant Magnetometer Device. 

This invention relates to a magnetometer and in particular to a Micro- 
electromechanical systems (MEMS) self-resonant magnetometer. 

5 

Resonant magnetometers are well known. One of the earliest MEMS based resonant 
magnetometers is described by D,K. Wickenden et al in the paper "MEMS based 
resonating Xylophone Bar Magnetometers", SPJE Conference Proceedings - 
Micromachined Devices and Components IV, SPIE V6L 3514, pp 350-358, 1998. 

10 The Wickenden et al device comprises a surface micro-machined bar that is 
suspended at the nodes of its first resonant mode. In use, an alternating current (AC) 
is passed through the bar at the resonant frequency of the bar. In the presence of a 
magnetic field, the Lcxrenz force causes the bar to resonate and the magnitude of any 
such movement is sensed capacitivly to provide an indication of the strength of the 

1 5 applied magnetic field. 

A variation to the basic MEMS resonant magnetometer design has recently been 
described by Zaki Izham, Michael CL Ward, Kevin M Brunson and Paul C Stevens 
in the paper entitled "Development of a Resonant Magnetometer"; see Proceedings 
20 of the 2003 Nanotechnology Conference and Trade show. February 23-27, San 
Francisco, Volume 1, pp 340-343, ISBN 0-9728422-O-9! The Izham et al resonant 
magnetometer is formed from a ^licon-on-insulator (SOI) wafer and comprises a 
oscillatory mass having two sets of fixed-fixed suspensions that allow it to move 
along an axis in the plane of the wafer: An AC current having a frequency around 
die resonant' frequency of the oscillatory mass is passed along the suspension 
thereby causing the mass to resonate in the presence of a magnetic field. A set of 
electrodes are attached to the mass to allow the magnitude of any magnetic field 
induced movement to be measured capacitively. 

To maximise Q amplification in a resonant magnetometer, it is necessary to ensure 
that the frequency of the AC current supplied to the oscillatory mass matches^ or is 
sufficiently close to, the resonant frequency thereof. Although the resonant 




2 

frequency of a beam can be predicted theoretically and/or measured, variations may 
arise from temperature variations, stress induced effects and/ot any non-linearities 
that are present in the resonant beam suspension. Jf an AC current is applied that has 
a frequency away from the resonant condition, the sensitivity of the device will be 
5 greatly dirninished due to the loss of the Q amplification- of the Lorentz force. 

To ensure the resonant beam is driven into resonance, it is known to adjust the 
output frequency of the frequency generator in response to the output of a pick-up 
circuit that is used to sense the oscillation frequency of the beam. A phase-lock loop 
10 is then used to ensure that the frequency of the applied AC tracks any change in the 
oscillation frequency of the resonant beam. However, phase-lock loop circuits* can 
introduce unwelcome phaBe noise because they must constantly search for the 
optimum frequency. 

15 In high sensitivity applications, such as compasses and the like, the resonant 
magnetometer requires a mechanical Quality factor (Q) of between about 500 to 
5000 and a resonant frequency within the range of around 500Hz to 30kHz. This 
high Q factor means that the frequency generator used to supply the AC current to 
me resonant beam structure needs to have an accuracy better than 1Hz in several 

20 kHz. The provision of such a high resolution frequency generator, in addition to the 
provision of phase lock loop circuitry, adds cost and complexity to the control 
electronics that are required to operate the device. 

It is an object of the present invention to provide a resonant magnetometer device m 
25 which at least some of the above mentioned disadvantages are mitigated. 

According to a first aspect of the invention, a resonant magnetometer comprises a 
substrate having a suspended oscillatory member and means for passing an 
alternating current (AC) through said oscillatory member, characterised In that 
30 driving means are additionally provided to impart a magnetic field independent 
oscillatory force to the oscillatory member. 
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The oscillatory force applied (e»g. electrostatically) to the oscillatory member by the 
driving iaeans is independent of magnetic field strength and preferably has a 
magnitude that is sufficient to ensure that, during use, the oscillatory member is 
5 continually forced into resonance. A Lorentz oscillatory force will also arise on 
application of a magnetic field due to the interaction of said magnetic field with the 
AC current passing through , the oscillatory member- As described above, the 
magnitude of the Lorentz oscillatory force is, for a given amplitude of AC, 
dependent on the strength of magnetic field applied to the oscillatory member. In the 
10 absence of a magnetic field, no Lorentz oscillatory force will be produced (i.e. the 
Lorentz oscillatory force will have zero amplitude). 

A resonant magnetometer is thus provided in which an oscillatory member is driven 
into resonance by the combination of a magnetic field dependent Q.e! Lorentz) 
15 oscillatory force and a magnetic field independent oscillatory force that is applied by 
a driving means. The present invention thus provides a magnetometer whicJi, unlike .< 
prior art devices, has an oscillatory member that is driven into resonance even in the : j 
absence of an applied magnetic field. On application of a magnetic field, the 
amplitude of oscillation of the oscillatory member will alter in a detectable manner. ;> 

.20 I 
Ensuring the oscillatory member is continually driven to resonance by providing the 
driving means provides several advantages over prior art devices that are only driven 
to resonance on the application of e. magnetic field Firstly, continuous measurement 
of the resonant frequency of the oscillatory member is possible. This is 

25 advantageous where the magnetometer is to be used in a variety of diffeisnt 
environments that produce a mario&d change in resonant properties (e.g. at different 
temperatures, pressures etc). Previously, such measurements of resonant frequency 
were only possible when a sufficiently strong magnetic field was applied. Secondly, 
the magnetometer typically has a Iowa: magnetic field strength detection threshold 

30 than poor art devices in which the applied magnetic field has to be sufficient to 
initiate resonance. 
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It should be noted that the Lorentz force produced by the interaction of the AC with 
the magnetic field and the oscillatory force provided by the driving means axe 
preferably arranged to be in-phase or out-of-phasc. In such cases, the amplitude of 
oscillation of the oscillatory member will increase or decrease, depending on 
5 magnetic field direction, in the presence of an applied magnetic field. It would be 
recognised that the magnetic field direction can be readily determined from whether 
the amplitude of oscillation increases of decreases* 

Advantageously, the magnetometer comprises sensing means for providing an 
10 electrical output signal dependent on the deflection of the oscillatory member* 

Conveniently, the driving means comprises a positive feedback circuit for receiving 
the electrical signal produced by the sensing means* The driving means is thns 
arranged to drive the oscillatory member into resonance using a positive feedback 
15 loop. In other words, the signal produced by the sensing means is appropriately 
processed (e-g. amplified and/or phase shifted as required) by the positive feedback 
circuit and used by the driving means to produce (e.g. electrostatically) an 
oscillatory force. This ensures that the driving means continually applies an 
oscillatory force to the oscillatory member at the resonant frequency thereof. In 
20 other words, there could be said to be self-resonant driving of the oscillatory 
member by the driving means. It should be noted that the mechanical noise inherent 
to the device and the electrical noise inherent to the driving circuit has been found to 
be sufficient to initiate resonance on device start-up. 

25 Preferably* the driving means provides an oscillatory force of fixed amplitude. In 
other words, the driving means works in the so-called "constant drive mode" and 
imparts a constant oscillatory force (e.g. by application of a constant amplitude AC 
drive voltage to electrostatic drive electrodes) to the oscillatory member. In the 
absence of a magnetic field, and hence no Lorentz force, the oscillatory member will 

30 oscillate with a constant amplitude. However* the interaction of a magnetic field 
with the AC passing through the oscillatory member will produce an oscillatory 
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Lorenfcz force which alters the amplitude of oscillation of the oscillatory member by 
. an amount directly related to the magnetic fieldstrength, m 

Alternatively, the driving means is arranged to impart an oscillatory .force to the 
5 oscillatory member of adjustable amplitude, wherein the amplitude of the oscillatory 
force is adjusted during use so a$ to maintain a given amplitude of oscillation of the 
oscillatory member. In other words, the driving means could fee arranged so that the 
magnetometer works in the so-called "constant amplitude mode"; the oscillatory 
force imparted by the driving means being sufficient to ensure the oscillatory 
10 member resonates with a certain fixed amplitude. Application of a magnetic field 
will then result in the driving means altering the amplitude of the oscillatory force 
that it applies in order to maintain the fixed amplitude of oscillatory member 
resonance. In this case, die amplitude of the oscillatory force applied by the driving 
means provides a measure of the magnetic field strength, 

15 

Advantageously, the means for passing an AC through the oscillatory member . ; 

comprises a feedback circuit arranged to receive the electrical output signal - 

prbduced by the sensing means. A feedback loop (which may include appropriate .t. 

amplification etc) is thus provided for generating the AC currant that is passed 
20 through the oscillatory member. As the AC current is derived directly from the •« 
oscillation of the oscillatory member, it has a frequency that, will always be equal to -. ; 
the resonant frequency thereof. There is thus no requirement to provide a separ ate 
oscillator source to generate the AC current, and the phase-locked loop 
arrangements used in prior art magnetometers to ensure the AC frequency tracks the 
25 resonant frequency of the oscillatory member are not required. -The resulting 
magnetometer is thus less complex, and cheaper to fabricate, than prior art devices. 

It should be noted that providing feedback loops to control both the driving means 
and to produce the AC passed through the oscillatory member ensures that the first 
30 and second forces are appropriately phased with respect to one another. This further 
increases the accuracy of magnetic field strength measurement. 



Advantageously, the sensing means comprises at least one sensor electrode 




on the substrate and having a variable capacitance with the oscillatory member. In 
other words, the sensing means measures movement of me oscillatory member via 
capacitative pickup. 

5 

The sensing means may advantageously ccimprise a plurality of elongate sensor 
electrodes located on the substrate and the oscillatory member may comprise a 
plurality of elongate electrodes interdigitated with said plurality of elongate sensor 
electrodes. In other words, interdigitated sets of electrodes are provided in order to 
10 produce the required capacitance variation with oscillatory member movement. To 
allow movement direction to be determined, the skilled person would appreciate that 
each elongate sensor electrode could be conveniently located closer to one of the 
pair of oscillatory member elongate electrodes that are adjacent thereto. 



15 The electrodes of the. oscillatory member may conveniently be maintained at a 
.. . predetermined direct current (DC) polarisation voltage. In such a case, the 
capacitance between the electrodes of the oscillatory member and substrate can be 
measured directly. 

20 Alternatively, a high frequency AC polarisation voltage (or so-called probe signal) 
may advantageously be applied to the electrodes of the oscillatory member. Hie use 
of a high freqnency probe signal ensures the 1/f noise of the amplifying electronics 
do not significant affect the quality of the capacitive pick off. This frequency is also 
well above the mechanical response of the vibrating structure. Preferably, the high 

25 frequency probe signal is within the range of 5QKH? to many tens of MHz, more 
preferably it is greater than lOOKHz and even more preferably it is around 1MHz. 
Implementing high frequency capacitive pick-up raus improves the signal to noise 
ratio of the output electrical signal produced by the sensing means. 

30 Advantageously, the plurality of sensor electrodes may be electrically connected to 
form two electrode sets, the two electrode sets being arranged to provide differential 
capacitive pick-off. As described in more detail, below, the movement induced 
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capacitive signals provided by each electrode set can be arranged such that they are 
out of phase. However,- the feed-through from the drive circuits in the signal 

produced by each electrode set will always be in-phase* Hence, subtracting the 
signals (i.e. determining the signal difference) will reduce noise effects and provide - 
5 a cleaner movement induced signal. This differential capacitlve pick-off provides an 
output electrical signal with significantly lower noise levels than can be obtained 
using direct pick-off, 

" Conveniently, the meansfor passing an AC through the oscillatory member includes 
10 means to vary the amplitude of said AC. Controlling the amplitude of the AC 
applied to the oscillatory member allows the sensitivity of the magnetometer to be 
adjusted. For a given magnetic field strength, increasing the applied AC will 
increase the amplitude cf the Lorentz oscillatory force thereby increasing the 
magnetic field induced effect on the amplitude of the oscillatory member. The 
15 amplitude of the applied AC may also be reduced to zero to enable the resonant 
properties of the oscillatory member to be assessed without any magnetic field 
induced influence. This allows Q to be measured for calibration purposes, 

Preferably, the driving means comprises at least one drive electrode formed on the 
20 substrate to electrostatically impart the oscillatory force to the oscillatory member. 
Although electrostatic based driving means are preferred, thermal or piezo-electric 
driving means may alternatively or additionally be used. 

Conveniently, the oscillatory member comprises a resonant beam, 

25 

The oscillatory member may conveniently comprise at least two flexible leg portions 
anchored to the substrate, said AC being passed through at least one of said flexible 
leg portions* The flexible leg portions are arranged to flex when the oscillatory 
member oscillates. Furthermore, the oscillatory member may conveniently comprise 
30 a substantially rigid cross-beam arranged substantially perpendicular to, and 
interconnecting* said at least two leg portions. The cross-beam may advantageously 
comprise a plurality of elongate electrodes protruding perpendicularly therefrom. 
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These elongate electrodes may be used as part of an electro-static driving means or 
to provide capacitive pick off/ - - 

Preferably, the means for passing an alternating current (AC) through the oscillatory 
member is arranged to supply a differential AC voltage to said leg portions such that 
said cross-beam receives the desired polarisation, voltage. In other words, a 
polarisation voltage 00 plus AV is applied to OuO end of a leg portion whilst the 
polarisation voltage (V) minus AV is applied to the other end of the leg portion. 
Assuming the cross-beam is located halfway along the leg portion, it will be held at 
the polarisation voltage V. Furthermore, the potential difference between the ends of 
flie leg portion will be 2AV. An alternating AV can be applied such that the required 
AC current flows through the leg portion(s) of the oscillatory member whilst the 
cross-beam is held at the desired polarisation voltage. 

Advantageously, the oscillatory member is arranged to oscillate along an axis in a 
plane parallel to the plane of the substrate. 

• It is preferred that the oscillatory member comprises at least one stress relief means, 
such as a stress relief loop. The provision of stress relief means ensures buckling and 
non-linear resonance effects are reduced. 

Advantageously, the magnetometer is formed as a micro-electromechanical system 
(MEMS). Herein the term "micro-electromechanical system (MEMS)" is used to 
encompass a wide range of micromechanical sensors and actuators including those s . 
described in the art by the terms "microsystems technology (MST) M , 
"microrobotica" and ,4 mlcroerigineered devices" 

Conveniently, said substrate and/or said oscillatory member comprise silicon and 
preferably are formed from a silicon-on-insulator (SOI) wafer or a silicon-on-glass 
(SOG) wafer. 
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According to a second aspectof the invention, an inertia! measurement unit (JMU) is 
provided that comprises at least one magnetometer according to the first aspect of 
the invention. Advantageously, the MU comprises three magnetometers, each of the 
three magnetometers being arranged to detect magnetic fields along mutually 
5 orthogonal axes. 

The invention will now be described, by way of example only, with reference to the 
following drawings in which; 

10 Figure 1 shows the basic principle of operation of a prior art MEMS magnetometer, 

Figure 2 illustrates the operation of a prior art MEMS magnetometer having in-plane 
oscillation, 

15 Figure 3 shows a MEMS magnetometer of the present invention, 

* 

Figure 4 shows a number of electrode arrangements thai can be employed in a 
MEMS magnetometer of the type shown in figure 3, ^ 

/«.» • 

20 Figure 5 illustrates the use of folded beams to improve magnetometer performance,* 

Figure 6 Illustrates a process that can be used to fabricate a MEMS magnetometer, 
and 

25 Figure 7 is a photomicrograph of a magnetometer of the present invention. 

Referring to figure 1, a simple bar magnetometer 2 of the type described by 
Wickenden et al is shown. The magnetometer comprises a resonant bar 4 supported 
by a first electrode 6 and a second electrode 8. The first and second electrodes 6 and 
30 8 are located at the nodal points of the fundamental mode of vibration of the bar 4. 
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An electrical current (I) passing through the bar 4 will, on interaction with a* 
• - - • magnetic field (B), produce an out-of-plane Lorentz force (F)> In-use r an alternating-- 
current (AC) is applied to the bar 4 via the first electrode 6 and the second electrode 
8. The frequency of the applied AC is matched to the resonant frequency of the 
5 resonant bar 4 thereby causing the device to resonate in the presence of a in-plane 
magnetic field (B). For "a given Applied current, the magnitude of resonance is 
indicative of the magnitude of the applied magnetic field. This Lorentz force effect 
forms the basis of operation of all resonant magnetometers. 

10 Referring to figure 2. a prior art resonant magnetometer of the type described by 
Izham et al is shown. The device comprises a suspended resonant beam structure 10 
having a first leg 1 1, a second leg 12 and a cross-beam 13, Each end of each leg is 
fixed to the substrate at an anchdr point 19. The cross-beam 13 comprises a plurality 
of finger electrodes 14 that protrude orthogonally from each side of the cross-beam 

15 portion 13 and lie in a plane parallel to the plane of the substrate. A first set 15 and a 
second set 16 of capacitative pick-up finger electrodes are formed in the substrate on 
either side of the suspended cross-beam portion 13, The device is arranged such that 
finger electrodes 14 of the suspended cross-beam portion 13 are inter-digitated with 
the first and second sets 15 and 16 of finger electrodes formed on the Substrate, 

20 

The suspended resonant beam structure 10 is free to move in one axis in the plane of 
the substrate (Le. along the y-axis of figure 2), In use, a driving circuit 17 generates 
an AC current at the resonant frequency of the suspended resonant beam structure 10 
and passes the current along the first kg 11, Any magnetic field applied m a 

25 direction perpendicular to the (x-y) plane of the substrate produces a Lorentz force 
that causes the resonant beam structure 10 to resonate (Le. to oscillate back and forth 
along the y-axis). Displacement of the resonant beam structure 10 alters the 
capacitance associated with the first and second set of finger electrodes 15 and 16 
and the finger electrodes 14 of the cross-beam portion; this capacitance variation is 

30 measured by a capacitative pick-up circuit 18 allowing the applied magnetic field 
strength to be determined 



II 

As de sc ribed above, the prior ait arrangement shown in figure 2 has a number of 
disadvantages. For example, the driving circuit 17 needs to comprise a frequency . 
generator that can produce an AC current with * freqitfmcy accurate to 1Hz in 
several KHzs. A phase-lock loop (not shown) is also necessary in order to ensure 
that the drive frequency applied by circuit 17 is constantly matched to the resonant 
frequency as measured by the pick-up circuit 13; such a loop will contribute 
electrical noise to the system. Furthermore, the pick-up electrodes 15 and 16 
produce an electrical output at the oscillation frequency of the resonant mass and 
thus pick up noise due to the driving circuit thereby reducing the measurement 
accuracy of the magnetometer. In addition* the fixed-fixed arrangement of the first 
and second legs 11 and 12 allows the build up of mechanical stress that will at best 
alter the resonant frequency of the device and at worst cause the entire structure to 
buckle. 

15 Referring to Qgttt* 3, a $elf-re$ouant magnetometer 20 of the present invention is 
shown. The magnetometer 20 comprises an actiye. region 22 formed from an SOT^ 
substrate and associated control circuitry 24. ■ 

The active region 22 comprises a suspended resonant beam structure 26 (Le. a'- 
20 suspended mass) having a first leg 28, a second leg 30 and a cross-beam 32. The . 
cross-beam 32 is formed as box section to provide a high degree of stiffness without- 
adding significant amounts of mass. The provision of such a box-section cross-beam 
prevents lie excitation of twisted oscillation modes. 

25 Hie ends of the first leg 28 axe physically attached to the substrate at fmt and 
second anchor points 34 and 35 respectively. SimiiarJy, the ends of the second leg 
30 are physically attached to the substrate at third and fourth anchor points 36 and 
37 respectively. Stress relief loops 38 are provided at each end of the first and 
second legs to reduce physical stress; the design , and operation of the stress relief 

30 loops is described in mote detail with reference to figure 4 below. 
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The cross-beam portion 32 of the suspended resonant beam structure 26 caixte$ a 
plurality of finger electrodes 40 that protrude- orthogonally from each side of the. 
cross-beam portion 32 and lie in the plane of the substrate. A first set 42 and a 
second set 44 of capacitaiive pick-up finger electrodes are formed in the substrate on 
5 either side of the suspended cross-beam portion 32, The device is arranged such that 
finger electrodes 40 of the suspended cross-beam -portion 32 w huer-digitated with 
the first and second sets 42 and 44 of finger electrodes. As described below, the 
electrode arrangement allows any movement* of the suspended resonant beam 
structure 26 to be sensed capacitively. A pair of driving electrodes 46 are also 
10 formed in the substrate* and located in the vicinity of an end pair of finger electrodes 
47 carried by the cross-beam portion 32. 

In use, the device is operated in so-called "self resonant mode". The suspended 
resonant beam structure 26 is electrostatically driven to resonate by an electrostatic 

15 drive circuit 48 that applies a drive voltage to the pair of driving electrodes 46. 
Movement of the resonant beam structure is sensed by differential capacitative pick- 
up using the first and second sets 42 and 44 of finger electrodes. The capacitive 
pick-off is fed to a. differential amplifier 50 and directed, via a 90° phase shifter 
circuit 52 (or a differentiator circuit), to the electrostatic drive circuit 48. In this 

20 manner, a positive electronic feed-back loop arrangement is implemented with the 
signal generated by capacitative pick-off being used to electrostatically drive the 
resonant beam structure 26. 

The output signal produced by the differential amplifier 50 is also fed, via a clipper 
25 current drive circuit 56, to a differential drive circuit 58. A polarisation voltage 
source 60 is also provided. The differential drive circuit is arranged to apply the 
polarisation voltage (V) plus AV to the first leg 28 via the first anchor points 34 7 and 
also the polarisation Yoltage (V) minus AV to the other end of the first leg 28 via the 
second anchor point 35. The polarisation voltage (V) is applied to both ends of the 
30 second leg 30 at third and fourth anchor points 37 and 38. 
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This differential drive arrangement* which is a voltage source circuit, enables an AC 
current to flow through the first kg of the suspension whilst keeping the cross-beam 
32 at a desired polarisation voltage (i.e, at the voltage supplied by the polarisation 
voltage source 60), Ensuring the crossbeam is kept at a fixed voltage allows low 
noise capacrtative pick-off to be provided. The level of AV can be fixed, potentially 
introducing uncertainty in the current flow due to variations m the resistance the 
suspension, or the current can be monitored and AV varied to keep the amplitude of 
the current constant. 

It Should be re-emphasised that, unlike prior art magnetometer devices, the AC 
current used in the magnetometer 20 is not generated using a separate frequency 
generator source but Is derived directly from the oscillation of the suspended 
resonant beam structure 26. This feedback arrangement reduces nolae levels and 
ensures the Q amplification is always maximised* 

The amplitude of the resonant beam stnjcture*' oscillation is obviously dependent on 
the sum of the electrostatic drive and Lorenz forces. In the arrangement shown; in 
figure .3, the amplitude of the electrostatic drive is kept constant; i.e. , the 
magnetometer is operated in constant drive mode. The output of the differential 
amplifier 50, after passing through a rectifier/filter circuit 53, thus provides "an 
output on signal line 54 that is related to the amplitude of motion and thus indicative 
of the strength of the applied magnetic field 

In constant drive mode, the electrostatic drive level should he selected to be high 
enough such that the device keeps resonating when the largest- magnetic field to be 
measured is applied. In other words, the resultant force induced by the applied 
magnetic field and the electro-static driving mechanism should always be 
sufficiently high to maintain resonance without causing the suspended resonant 
beam to hit its end stops. It should be noted that even if the applied magnetic field 
halts resonance or causes the beam to hit it$ end stops, the device will not normally 
be damaged and will operate normally again (without requiring xe-calibraiion) when 
the magnetic field strength or AC current is reduced. 
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Instead of qperating in a constant drive mpde, the magnetometer may comprise a 
control loop to vary the amplitude of the electrostatic drive signal in order to keep 
the amplitude of oscillation constant; i T e, it operates in constant amplitude mode. 
5 The amplitude of the applied drive voltage then provides an indication of the 
magnetic field strength applied to the device. ' V i 

The capacitive pick off arrangement described above is a so-called displacement 
current detector. la such an airangemant, the polarisation voltage is fixed at a 
10 suitable DC level and the amplifying electronics (e.g. the differential amplifier 50 
etc) work at the resonant frequency of the device. For CMOS pick off amplifiers, 
which would typically be used in an integrated unit or an application specific 
integrated circuit (ASIC), this operating frequency is within the 1/f noise of the 
amplifier and the signal to noise ratio of the device will thus be reduced. 

IS 

To reduce these 1/f noise effects, the capacitance can be sensed using a high 
fineqaency (e.g. 1 MHz) probe signal. In this context, is high frequency" means a 
frequency that is well above the 1/f noise region of the amplifier and also well above 
the mechanical response of the vibrating structure. The polarisation voltage 
20 produced by the polarisation voltage source 60 will be the high frequency probe 
signal and the output of the capacitive pick-off, .after suitable gain, will need 
demodulating and filtering. The feedback loops for such a system are completed as 
for the base-band implementation described above, but with a 180° phase shifting 
means (not shown) replacing the 90° phase shifting circuit 52. 

25 

In order to obtain the required Q to operate the magnetometer as a compass, it can be 
packaged jn a reduced pressure environment The Q is highly dependant on pressure 
which in turn affects the sensitivity and bandwidth. Another advantage of this device 
is that it can also be used to directly measure the Q for calibration purposes. If the 
30 AC current passed through the beam structure 26 is turned off, then only the 
electrostatic force imparted by the electrostatic drive circuit 48 via the driving 
electrodes' 46 will act to drive the suspended resonant beam structure 26 into 
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resonance, In. such a case, the amplitude of oscillatory motion (or the drive force, 
applied if operating in constant ampJi tude mode) will be related to the Q. 

Tt may also be advantageous to use two equivalent devices simultaneously, one to 
measure the Q and one as a magnetic sensor such that both measurements are 
available simultaneously. Calibration may also be obtained by the Inclusion of a 
planar coil formed on the wafer around the device. Known currents fed through the 
planar coil will generate known magnetic fields at the device. 

Referring to figure 4, a number of alternative capacitalive pick-up arrangements that 
are suitable for inclusion in a magnetometer of the present invention are shown. 
Figure 4b shows the arrangement employed in the device of figure 3, whilst figures 
4a and 4c illustrate alternative arrangements. 

Figure 4a illustrates a so-called single ended pick-up arrangement of the type 
described by Izham et ah A suspended cross beam 80 comprises a number of finger 
electrodes 82 that interdigitate with two sets of substrate finger electrodes 84 and 86. 
Movement of the cross beam SO in the y-direction altera the capacitance of the 
arrangement and provides an indication of cross beam displacement. A disadvantage 
of this arrangement is that it is difficult to separate the electrical signal due to beam 
movement from the driving circuit feed-through arid electrical influence of the 
surrounding electrical circuits 

The differential pick-up arrangement illustrated in figure 4b (which is similar to that 
described with reference to figure 3 above) allows measurements to be made with a 
lower level of associated noise. The cross-beam 32 is located between two sets of 
finger electrodes 42 and 44 that are laterally off-set relative to one another. 
Movement of the cross-beam 32 results in the production of a movement induced 
signal fiom one set of finger electrodes, say electrodes 42, that is out of phase with 
the movement induced signal provided by the other set of electrodes 44. In contrast, 
. the noise associated with fixe signals produced by each of the electrode 42 and 44 is 
obviously in phase. Consequently, subtracting the signals produced by the electrodes 
42 and 44 removes the majority of the unwanted background noise but adds the 
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signals induced by cross-beam movement. It is for this reason that differential pick- 
-up arrangements are preferred. — *• •* -"" 

Figure 4c shows an alternative differential pick-up arrangement in which each of the 
5 two sets of finger electrodes 92 and 94 formed in the substrate are split in two. This 
provides an electrode arrangement that is symmetrical on both sides thereby 
balancing the electrostatic forces generated by the pick-up circuit to avoid imparting 
twisting motion. 

10 As described with reference to figure 3, a magnetometer of the present invention 
comprises a suspension (Le. the suspended resonant beam structure 26) that 
incorporates stress relief loops. Referring now to figure 5, two mechanical stress 
relief arrangements suitable for use in a resonant magnetometer are shown. 

1 5 Figure 5a shows a resonant beam 100 supporting a central mass 102 and anchored to 
the substrate at anchor points 104. Stress relief loops 106 are located at each end of 
die suspension. The stress relief loops shown in figure 5a have the dual benefits of 
providing stress relief without affecting the force induced by me applied magnetic 
field and also allowing the suspension to operate in a much more linear fashion, 

20 

Instead of the loop, a fold 10S can be formed at each end of the resonant beam 100 
as shown in. figure 4b. The folds 108 are arranged such that the distance that the 
current flows in each direction is equal. This ensures that the Lorentz forces arising 
due to the interaction of the current flowing along the fold 108 and an applied 
25 magnetic field will balance out. 

Although various stress reb'ef means have been used previously in MEMS devices, 
the use of a standard folded suspension would not be suitable because the Lorenz 
forces would be cancelled out by the current flowing in both directions (i.e. up and 
30 down the folds). The formation of stress relief means of toe type shown in figure 4 
has thus solved a number of problems associated with magnetometer devices in 
general and the device of Izham et alia particular. Firstly, stress in the substrate can 
cause the beams to buckle and the device to fail. The stress can be caused by a 
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thermal mismatch between the packaging and the device, and also any residual stress 
fFom-the manufacturing of the SOL The stress relief means prevent this buckling 
from occurring. Secondly, the stiffness of fixed-fixed beams is not linear with 
amplitude, therefore causing the resonant frequency to change with the amplitude of 
'5 oscillation. Providing stress relief loops or folds reduces this non-linearity- 

Referring to figure 6, the manufacture of a device in accordance with the present 
invention is illustrated. 

10 Figure 6a shows an SOI substrate comprising a mechanical silicon layer 120, a 
sacrificial oxide layer 122 and a handle wafer 124. As shown in figure 6b, a oxide 
layer 124 is deposited on the silicon layer 120 and etched to defined a mask. 
Referring to figure 6c, it is shown how the mechanical silicon layer 120 is etched 
through the mask oxide layer 126 down to the sacrificial oxide layer 122. The 

15 suspended structure formed in the mechanical silicon layer 120 is then released by 
removing a portion of the sacrificial oxide as shown in figure 6d, before being 
blanket coated with a metal layer 128 to form the low ohmic conductors seen in 
figure 6e. 

* 20 Figure 7 shows a photomicrograph of a magnetometer of . the present invention 
formed on an SOI wafer. 

i; 

Although the metalised SOI process outlined above may conveniently be employed, 
the device could just as well be fabricated from electro-foimed metal using a 1IGA 
25 like process. In fact the skilled person would recognise the numerous techniques that 
could be employed to fabricate magnetometer of the present invention. 

Finally, it should be noted that the magnetometer may be fabricated in parallel with 
other inertial sensors for use in Inertial Measurement Units (IMU). A single chip 
30 can therefore contain an accelerometer, magnetometer and a gyroscope or any 
combination of the three. Three such chips can be used in a compact silicon 6 degree 
of freedom JMU- 




1, A resonant magnetometer comprising a substrate haying a suspended oscillatory 
member and means for passing an alternating current (AC) through said oscillatory 
member, characterised in that driving means are additionally provided to impart a 
magnetic field independent oscillatory force to said oscillatory member. 

2, A magnetometer accenting to claim 1 comprising sensing means for providing an 
electrical output signal dependent on the deflection of the oscillatory member, 

3, A magnetometer according to claim 2 wherein the driving means comprises a 
positive feedback circuit for receiving the electrical signal produced by the sensing 
means, 

4, A magnetometer according to claim 3 wherein the driving means provides an 
oscillatory fbice Of fixed amplitude. ^ 

5, A magnetometer acconiing to claim 3 in which the .driving means is arranged to 
impart an oscillatory force to the oscillatory member of adjustable amplitude, wherein 
the amplitude of the oscillatory force applied by the driving means is adjusted during use 
SO as to maintain a given amplitude of oscillation of the oscillatory member. 

6, A magnetometer according to any one of claims 2 to 5 wherein the means for 
passing an AC through the oscillatory member comprises a feedback circuit arranged to 
receive the electrical output signal produced by the sensing means. 

7, A magnetometer accenting to any one of claims 2 to 6 wherein the sensing means 
comprises at least one sensor electrode located on the substrate and having a variable 
capacitance with the oscillatory member. 

8, A magnetometer according to claim 7 wherein the sensing means comprises a 
plurality of elongate senior electrodes locared on the substrate and the oscillatory 
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member comprises a plurality of elongate electrodes interdigitated wirh said plurality of 
. ... - elongate sensor electrodes.. 

9. A magnetometer according to claim S wherein the electrodes of the oscillatory 
member are maintained at a predetermined direct current (DC) polarisation voltage. 

10. A magnetometer according to claim 8 wherein a high frequency AC polarisation 
voltage is applied to the electrodes of die oscillatory member, 

! I . A magnetometer according to any one or claims 8 to 10 wherein said plurality of 
sensor electrodes are electrically connected to form two electrode sets, the two electrode 
sets being arranged to provide differential capacitive pick-off. 

12. A magnetometer according to any preceding claim wherein the means for passing 
an AC through the oscillatory member includes means to vary the amplitude of said AC. 

13. A magnetometer according to any preceding claim wherein the driving means 
comprises at least one drive electrode formed on the substrate to electrostatically impart . 
the oscillatory force to the oscillatory member. ^ 

14. A magnetometer acconilng to any preceding claim wherein the oscillatory 
member comprises a resonant beam. 

15. A magnetometer according to any preceding claim wherein the oscillatory 
member comprises at least two flexible leg portions, said AC being passed through at 
least one of said at least two flexible leg portions. 

16. A magnetometer according to claim 15 wherein the oscillatory member 
comprises a substantially rigid cross-beam arranged substantially perpendicular to, and 
interconnecting, said at least two. leg portions. 
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17* A magnetometer according to claim 16 wherein the cross-beam comprises a 
plurality of elongate electrodes protruding pcrpendictflarly 'therefrom/ * 

18. A magnetometer acconimg to claim 16 ot 17 wherein the means for passing an 
alternating current (AC) through the oscillatory member is arranged to supply a 
differential AC voltage to said leg portions such that said cross-beam receives the 
desired polarisation voltage. 

19. A magnetometer according to any preceding claim wherein the oscillatory 
member is arranged to oscillate along an axis in a plane parallel to the plane of the 
substrate. 

20. A magnetometer according to any preceding claim wherein the oscillatory 
member comprises at least one stress' relief means. 

21. A magnetometer according to claim 20 wherein the at least one stress relief 
means comprises a stress relief loop.. 

22* A magnetometer according to any preceding claim wherein said magnetometer is 
formed as a micro-electromechanical system (MEMS). 

23, A magnetometer according to any preceding claim wherein said substrate tod 
oscillatory member comprise silicon. 

24, A magnetometer according to claim 23 wherein said substrate and oscillatory 
member are formed from any one of a silicon-on-inSulator (SOI) wafer and a silicon-on- 
glass (SOG) wafer. 

25, A magnetometer as substantially hereinbefore described with reference to figures 
3 to 5. 
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26. - An inertial measurement unit (EMU) comprising at least one magnetometer 
according to any preceding claims, ■ ■ 

27. An IMU according to claim 26 wherein three magnetometers are provided, each 
of the three magnetometers being arranged to detect magnetic fields along mutually 
orthogonal axes. 
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Abstract 



Resonant Mannetometer Device 

A resonant magnetometer (20) is described that comprises a substrate having a 
suspended oscillatory member (26) and means for passing an alternating current (AC) 
through said oscillatory member (26). The magnetometer is characterised in that driving 
means (46,48) are also provided to impart a magnetic field independent oscillatory force 
to said oscillatory member (26). A micro-electromechanical systems (MEMS) 
implementation of the magnetometer is described. 



Figure 3 refers 
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